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TK!HNICAL NOTE 4u8
LOW-TEMPERATURE,VAFQR-PHASE OXIDATION OF
FUEL-RICH HYDROCARBON MUTURES
~ Willism T. House and Milton Orchin
EWMMARY
The vapor-phase oxidation of methylcyclohexane was studied in a flow
system in the temperature range of 300° to 400° C under the conditions of
0.1 the stoichiometric amount of oxygen, a contact time of 8 seconds, and
a spiral Pyrex reactor 10.5 inches long with an inside diameter of
3/32 inch. The yields of acids, aldehydes, ketones, hydrogen peroxide,
organic peroxides, olefin, water, and unreacted hydrocarbon were determined
in the products.
l
It was found that, under these conditions, methylcyclohexane exhibtts
a negative temperature coefficient in its rate of oxidation at a tempera-
l ture just above 310° C!. The rate of reaction increased greatly between
300° and 310° C in a manner resemb~ng the cool-flame ty-peof reaction,
although existing Hterature seems to indicate that cool flsmes should not
occur in a reactor of these dimensions.
The yield of olefin, based on the amount of methylcyclohexane reacted,
was found to reach a maximum in the range of the negative temperature coef-
ficient and the yield of peroxides started at a high value and decreased
with increasing temperature. The yields of other oxygenated materials,
after a slight increase, steadily decreased with increasing temperature.
The above results csm be fairly well interpreted on the basis of the
concept of sepsrate mechanisms for low-temperature and high-temperature
oxidation. At low temperature, the hydroperoxide intermediates decompose
to give chain branching
ROOH ~ RO* +HOO
and at high temperature the pero~ radicals decompose before abstracting
hydrogen in a reaction leading only to chain propagation
RCH@O l High temperate WHO +Ho.
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The evidence indicates that hydrocszbon-free-radi.cal disproportionation
msy also contribute to the negati;e-texnperature-coefficientphenomenon
u
b
2RCH2CH20-> RCH=CH2 +RC~CH5
A small amount of aromatics was also noted in the products, and a
dark-brown, tarry residue was formed at the exit end of the reactor in all
the reactions. A small amount of this residue was obtained at 300° C
where the extent of reaction was small and only olefin, organic peroxide,
and carbonyl structures were detected in the products. It is therefore
probable that these materials are precursors of tsr and gum deposits.
It was attempted to study the reaction further by increasing the
oxygen-fuel stoichiometry to 0.3 at 325° C!with the same contact time.
This reaction resulted in an explosion, which destroyed the two receivers
and the Dewsr flasks containing them.
INTRODUCTION
l
For propane and many higher paraffins-there has been observed a
range of-temperature wherein, as the temperature is increased, the rate s
of oxidation of the hydrocarbon “decreases(ref. 1). As the temperate
is increased further, the rate passes through a minimum and then begins
to increase again. !17hisnegative temperature coefficient, which has .14-so __ _ __
been observed for some olefins, was first noted by Pease (ref. 2) in work
on the oxidation of propane and butane. The range of the negative tempera-
ture coefficient is dependent on conditions such as pressure and stoichim-
etry smd is sensitive to surface effects.
The explsmations of the negative temperature coefficient which have ‘
been offered usually involve the theory that there are separate mechanisms
for the low-temperature and the high-temperature oxidations of hydro-
carbons. In the low-temperaturemechanism it is thought that the peroxy
radicals”formed tisintermediates abstract hydrogen to form hydroperoxides
which decompose to give chain brsnching
Ro+02~ ROO* M >
ROOH ~ ROO +
ROOH +R*
HO l
but as the temperature is increased, the peroxy rsilicalstend to deccxnpose,
before abstracting hydrogen, in a reaction which leads only to chain s
propagation
RCH200l ~RCHO +HOO l
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Thus the rate of oxidation could decrease with increasing temperature
w before the high-temperature mechanism, which probably involves more
initial attacks by oxygen, had fully come into play.
Previous work performed in this laboratory (ref. 3) seemed to indi-
cate that at ~o C methylcyclohexane might be nearing the range of
temperature wherein it would exhibit a negative temperature coefficient
for its rate of oxidation under the conditions studied and with the
particular apparatus employed.
The present study had as objectives the determination of the range
of the negative temperature coefficient for the oxidation of methylcyclo-
hexsme, the investigation of the distribution of some reaction products
in this rsnge in order to substantiate the proposed mechanisms, and the
determination of the rate and male of formation of high-moleculsr residues
by oxidative coking.
This investigation was conducted at the University of Cincinnati
under the sponsorship W with the financial support of the National
Advisory Comnittee for Aeronautics.
*
DESCRIFI’IONOF APPARATUS AND PROCEDURE4
The apparatus used for the oxidations is essentially the same as
that employed in pretious vapor-phase-oxidation work (ref. 3) conducted
in this laboratory. Figure 1 is a schematic diagrsm of this apparatus.
The temperature control was improved and a device for collecting the
reaction gases was added.
The apparatus consists of: (1) A gas feeder, (2) a liquid-fuel
fceder, (3) a fuel-and-gas mixer and preheater, (4) the reaction chamber,
(5) cond~sing traps, ~d (6) the gas-collecting detice. Tank o~gen was
driedby passing it through a Drierite colurm. It was then passed through
a flowmeter ad led into the fuel-dropping sdapter. The methylcyclohexane
was conducted to this adapter by a constant-feed device (ref. 4). This
feeder consisted of an 1,800-rpm Bodine electric motor, delivering a
constant torque geared down from 250 to 1, a pair of circular gears (some-
times reducer gears were used in between), a vertical-drive screw with
piston carriage, a steel piston, a precision-bore Pyrex glass cylinder,
and a capilJary lead to the hopping adapter. The motor turns the gems
at a constant rate thus rotating the vertical screw at a constant rate.
This raises the piston csrriage and moves the piston through the station-
ary glass cylinder containing the liquid methylcyclohexsne. The methyl-
? cyclohexsne is forced through the capillary and through a small orifice
in the adapter. A large variety of flow rates for the fuel can be obtained
by varying the gear ratio or the cylinder dismeter or both. A pointer*
—-
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attached to the piston carriage and moving along an adjacent linear
millimeter scale measures the smount of fuel delivered. The cylinder
used in this work was a Pyrex tube with a 3/8-inch inside dismeter, for
w
which the maximum deviation from the average feed rate was 0.4 percent.
A Hycar O-ring was fitted to the head of the piston to insure uniform
flow without leakage. This O-ring was lubricated with glycerine previous
to runs to avoid sticking in the cyllnder.
The fuel droplets in the adapter were vaporized snd mixed with the
incoming oxygen bypassing them through an 8-inch length of Pyrex tubing
packed with glass helices and encased in the preheater furnace. The
glass helices USured better mixing of the o~gen and hydrocarbon vapor
and also minimized any tendency for reaction in the preheater by pro-
viding high surface effects. The fuel-oxygen mixture of known composi-
tion was then passed through the spiral Pyrex reaction tube (3/32-inch
inside diameter and 10.5 inches long) at a given temperature and contact
time. The temperature of the preheater coil was controlled with a
variable trsmsformer.
For controlling the temperature of the reaction chamber a commercial
unit called an Amplitrol was used. The power source is comected to the ~
Amplitrol and power flows from the Amplitrol through a vsriable trans-
former to the Nichrome wire of the reactor furnace. A Chromel-Alumel ‘
thermocouple is positioned as indicated in figure 1, and its leads are e
connected to the Amplitrol. The variable trsmsformer is set at a reading
sli&htly hi@er than that which would give the desired temperature without
the Amplitrol, and then the dial of the Amplitrol is set at the desired ._
reading on the scale which is calibrated in ‘C. The Ampll.trolautomati-
cally turns the power on or off according to the voltage of the thermo-
couple smd consequently according to the temperature of the reactor.
When equi~brium is reached, the power is.alternatelyturned on and off
every few seconds. The accuracy of the dial settings and the constancy
of the temperature obtained were checked with a calibrated potentiometer
and both were found to be very good. Figure 2 shows the temperature
distribution inside the reactor furnace.
After the gas mixture passed through the reaction tube, the reaction
was quickly quenched and the products condensed in two receivers, the
first immersed in an ice-water bath and the second, in a mixture of carbon
tetrachloride, chloroform, and dry ice at -70° C.
In later work the reaction gases and unreacted oxygen were collected
by connecting a piece of tubing from the second receiver through a three-
wqy stopcock to a large separator funnel filled with water. At the
bottom of the funnel was attached a piece of glass tubing drawn to a
small opening so that no water flowed from the funnel unless gas was
admitted at the top. One outlet of the three-way stopcock was open to
the room, and the gas was alJowed to flow out of this opening until the
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reaction was started. The stopcock was then turned so that the gases were
directed into the separator funnel where they displaced the water. Theu
volume of gas collected was determined by the volume of water displaced,
corrections being made for the vapor pressure of water and for atmospheric
pressure.
A series of oxidation reactions was carried out with methylcyclohexane
between ~“ and 4CK1°C. The contact time was 8 seconds in all experiments
and one-tenth of the stoichiometrlc smount (for complete reaction to
carbon dioxide and water) was used; thus the reaction mixtures were com-
posed of 1.05 moles of oxygen per mole of methylcyclohexane. The extent
of reaction at the constsnt contact time was taken as a measure of the
relative rates of oxidation at the various temperatures.
The condensates were divided into a water phase ad an organic phase,
and the organic phase was extracted with water several times. These
washings were combined with the original water phase and diluted to
25 milliliters. Analyses were then made for umreacted hydrocarbon, olefin,
—
and aromatic compounds by chromatographyusing fluorescent adsorption
indicators (ref. 5) as follows: An aliquot of the orgsmic phase was
b mixed with a small smount of fluorescent indicator dye and placed on a
4-foot-long Pyrex column hating a l/16-inch inside diameter and find
with anhydrous silica gel (fig. 3). The sample was then forced down the
4 column under 3 to 8 pounds per square inch of nitrogen using ethanol as
the eluate. The constituents move down the column at a rate dependent
on their polarity, the o~genated compounds being sbsorbed most strongly
and the saturates being absorbed least strongly. Each band is identifiable
under ultraviolet Hght; the aromatics fluoresce violet; the olefins,
yellow; and the saturates, not at all. The olefin and saturates were
collected in a cooled iodine flask, the cut being made at the appearance
of the first drop of violet. The weight of the olefin in this sample
was determined by the broma.te-bromatemethod (ref. 6) assuming that the
olefin was methylcyclohe-e. To the weighed sample of saturates and
olefins in a titration flask was added approximately 20 percent excess
of stsndard 0.21 bromate-bromide solution, 5 milliliters of 6N H@04,
15 milliliters of 0.2N HgS04 catalyst solution, and 15 millilttexs of
glacial acetic acid. After shaking the solution in the dark for about
7 minutes, 15 milJ.ilitersof 2N NaCl were added (to release the bromine
adsorbed on the catalyst) followedby 15 milliliters of 20 percent ICEsolu-
tion. The liberated iodine was titrated with standard O.lN N~S203 solu-
tion. This titration indicated the quantity of excess bromate-bromide
solution; hence the weight of olefin in the sample could be calculated.
The weight of unreacted methylcyclohexsne in the sample was found by
difference.
*
Total peroxides were determined iodcmetricalQ. A piece of @ ice
was added to 10 mil.li~ters of glacial acetic acid in a titration flask
.
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to sweep out the
potassium iodide
.
air. To this was added the ssmple and, after excess
solution was added, it was allowed to stand in the dark L
for half sm hour. The liberated io&e was titrated tith O.IN Na2S203
solution. This procedure was followed with both phases.
Hy&rogen peroxide was determined colorimetricallyby the reaction
with titaniwn suJfate reagent (ref. 6). An aliquot o? the water phase
was diluted to volume with the reagent and the percent light absorption
at 42o millimicrons was measured with a spectrophotometer. The value of
the hydrogen peroxide content corresponding to this percent absorption
was read directly from a graph obtained preciously from known solutions
of hydrogen peroxide.
Carbonyl compounds were determined gravimetrical.lyby precipitation
of the 2,4-dinitrophenylhydrazonesusing the reagent solution described
by Shriner and Fuson (ref. 7).
Aldehydes were determined gravimetricallyby precipitation of the
methone derivatives as describd by Walker (ref. 8) and acids were deter-
mined by simple titration with standard O.lN base using phenolphthalein
as indicator.
*
The reaction gases were analyzed for carbon dioxide, oxygen, carbon
monoxide and total gaseous olefin with a Buren Industro Gas Analyzer
w
(model Cj.
RESULTS AND DISCUSSION
A series of preliminary oxidation runs were made on methylcyclohexane
before the Amplitrol was received and instalhd in the apparatus. In
these runs the temperature was controlled by a variable transformer.
Although difficulty was encountered in trying to maintain a constant
temperature, the results given in table I seemed to indicate that the
negative temperature coefficient for methylcyclohexsnewas between ~“
and 400° C. Therefore, titer the Ampld.trolwas installed end the o~gen
flowmeter recalibrated, a second series of runs was made in this rage
and the change in distribution of products with temperature was examined.
Table II(a) and figure 4 show that with the improved temperature
control there was very little reaction at 300° C. However, on increasing
the imposed temperature by only 10° to 310° C, the amount of reaction
occurring at the same contact time-was increased tremendously. Further
increase of the temperature, however, at first decreased the amount of w
reaction and then gradually increased it. Thus, under the conditions
employed, methylcyclohexane exhibits its negative temperature coefficient
for oxidation at slightly over 310° C. “
.
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The lsrge increase in the smount of reaction between 300° and 310° C
resembles the cool-flame type of phenomenon, wherein, under a given set
a of conditions with a given hydrocarbon, there is “atemperature below
:
which the cool flame cannot be obtained. Although the room was darkened
during the course of some of the runs, no luminosity could be observed.
However, the amount of reaction and the type of products sre similar to
those obtained by Oberdorfer (ref. 9) in his work on cool flames. Spence
and Townend (ref. 10) state that no cool flames could form in a reaction
tube less than 6 millimeters in diameter, whereas the present reactor is
only about 2A millimeters in diameter. Williams, Johnson, ad Carhart
(ref. IL) ha$e recently provided evidence that a cool-flame reaction may
continue in a small-dismetertube if already started in a lsrger one.
It is fairly well established (refs. 12 to 14) that the lum.inosi@
of the cool fl.snecomes from excited formaldehyde molecules. Possibly
in a small-dismeter tube the amount of formaldehyde in a given cross
section of the tube is not sufficient for luminosity to be observed.
It is realized, of course, that the actual temperature inside the
reactor may have increased appreciably beyond the imposed temperature
4 of 310° C measured on the outside of the reactor. The inabili~ to
measure inside temperatures is a real limitation of the present apparatus.
Were such measurements possible, the evidence for cool flsmes would have
. been decisive.
Table II(a) reports the yields of the products based on the amount
of methylcyclohexane reacted, whereas table II(b) reports the yields
based on the smount of methylcyclohexane passed through the reactor. The
yields are plotted against temperature in both ways in figures 5
through 10. The first type of plot is an indication of-the fate of the
methylcyclohexanewhich has actually reacted whereas the latter simply
shows what has happened to the methylcyclohexane passed through the
reactor at the different temperatures.
IYom tables II(a) and II(b) ~d figure ~ it canbe seen that the
yield of olefin, based on the smount of methylcyclohexane reacted, at
first increases on increasing the temperature from 310° C!,reaches a
maximum, snd begins to decrease. The yield of olefin, based on the
smount of methylcyclohexane passed, increases steeply at first and then
levels off to a very gradual increase. Robertson (ref. 1) has observed
that, at high hydrocarlmn-to-o~gen ratios for propane, butane, and
isobutsne, the msximum production (based on hydrocarbon reacted) of
propylene, butylene, d isobutylene, respectively, corresponds to the
minimum rate.
8 Table II(a) and figure 6 show that the yields of hydrogen peroxide
and organic peroxide, based on the methylcyclohexane reacted, start at
high values at 310° C snd decrease with increasing temperature. The
.
.
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yield of organic peroxide above a given temperature decreases much faster
than that of the hydrogen peroxide, which at the higher temperature is
decreasing very little. At 310° C there is more organic peroxide than . l _
hydrogen peroxide, whereas at 375° C the reverse is true. The yields,
based on the amount of methylcyclohexane passed (table II(b), fig. 7),
of course start at low values of 300° C where the smount of reaction
was low, increase rapidly on increasing the temperature to 310° C, and
thereafter resemble the former plots in shape.
Figure 8 shows that the yields of acid, aldehyde, @ ketone, based
on the amount of methylcyclohexane reacted, at first increase on increasing
the temperature from 310° C, reach a maximum on further increase in
temperature, and then begin to decrease steadily. The yield of acid is
about 10 times that of the aldehyde. The ratio of ketone to aldehyde
starts at about 2 at 310° C, decreases to a minimum on increasing the
temperature, and then increases backto approximately 2 at 375° C!. In
figure 9 the yields of acid, aldehyde, and ketone, based on the smount
of methylcyclohexane paesed, give plots of shape similar to those in
figure 8. However, the yields calculated in this way have about half the
value of those calculated in the former way.
h
F&cm figure 10 it can be seen that the yield of water, based on the
amount of hydrocarbon reacted, decreases rather gradually on increasing
the temperature from 310° C. The yield, based on the smount of methyl- .
cyclohexene passed, increases very fast fr6m 300° to 310° C, decreases
slightly to a minimum on further increase in temperature, and then
increases slightly again. This minimum pro@ction_of water seems to
correspond to the minimum amount of reaction. It is interesting to note
-.
that in all the cases of extensive reaction the water accounts for a
large majority of the oxygen passed through the reactor.
In all the oxidation runs made on methylcyclohexsne in this investi-
gation there was obtained a small amount of dark-brown, tarry residue at
the exit end of the reaction tube. Even at ~“ C where the amount of
reaction was small some of this residue was obtained. At 310° C the
quantity of residue increased sharply but above this temperature the
amount of residue did not seem to vary greatly with the temperature.
At the higher temperatures, however, it was harder and more cokel.lke.
There was also observed a small smount of aromatic material when
the organic phases from the reactions were chromatographed. The amount
of these aromatics varied between about 1 and 2 volume percent of the
organic phases.
.—
Runs 7 and 8 were both done at 325° C as a means of checking the
reproducibility of the results. Tables II(a) and II(b) show that there
was fairly good reproducibility in the extent of reaction, and there was
fair agreement in the yield of products.
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In table III are reported the analyses of the reaction gases from
one of the reactions at 325° C and the reaction at 375° C. As can be
.
seen from the table, most of the oxygen waa consumed; however, there was
a measurable increase in the amount of o~gen consumed between 325°
and 375° C as well as an increase in the amount of reaction (table I).
It is therefore likely that it was not the complete consumption of oxygen
which was responsible for the negative temperature coefficient observed.
The yield of carbon dioxide decreased with the increase in temperature
and the yield of carbon monoxide increased.
A ssmple of the reaction gases from the reaction at 375° C was
analyzed by mass spectrometry and was shown to contain hydrogen, methane,
ethane, ethylene, propsne, propylene, butane, and butylenes, as well as
oxygen, carbon di,oxide,and carbon monoxide. The yields of these addi-
tional prcducts, based on the amount of methylcyclohexane reacted, were:
Prduct M31es product per molemethylcyclohexsne reacted
Hydrogen 0.043
Methane .021
Ethsne .005
Ethylene .075
Propane .005
Propylene .030
Butane .005
Butylenes .CX17
Ethylene is the hydrocarbon present in largest amount and the olefins,
in genera, make up the bulk of the hydrocarbons present. These products -
probshly result from the oxidation since the temperatures are not high
enough for pyrolysis.
The results of oxygen balances for runs at 325° and 375° C are given
in table IV. In each case 98 percent of the o~gen was accounted for.
Table V shatisthat the mass balances for these runs were 95 snd 94 per-
cent, respectively. With these results it was felt that it was reasonable
9 to attempt an interpretation of the results obtained, writing plausible
reactions to account for products. Owing to the complexity of the prob-
lems encountered in hydrocarbon oxidation, the discussion is necessarily
. highly speculative and is not intended to be conclusive.
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If one of the factors contributing to the
ficient is decomposition of peroxy radicals
negative temperature
RCH@O l ~RCHO + HO*
to give chain propagation before the radicals can abstract hydrogen
form the hydroperoxides, which react to give chain branching
.
ROO* +RH ~R. +ROOH
.
coef-
then one would expect to find organic peroxides present in largest amount
at the temperature just below that of the negative temperature coefficient.
Exs.minationof figures 6 snd 7 shows that this is the case. A primsxy
peroxy radical would decompose as i.nequation (1) to give an aldehyde,
and a secondary peroxy radical would decompose to give a ketone as
follows:
.
8 ii
R(!HR~ RC -R+HO* (4)
8
(1)
to
(2)
(3)
.
Figures 8 and 9 show that the yields of these prcducts increase in the
range of the negative temperature coefficient. The fact that the yield
of hydrogen peroxide does not decrease as f-astas that of the organic
peroxides with increasing temperature might be attributed to the
—
increasing free-rsdical
shown as follows:
M+
character of oxygen with increasing temperature
02
High temperature R. +
H02 +RH---+R* +H202
H02 l (5)
(6)
Another reaction which could help account for the negative tempera-
ture coefficient is an increasing rat= of disproportionation of hytio-
carbon free radicals with increasing temperature shown by l
2Rc~~ “ ->RCH=CH2 +RCH#H3 (7) “
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This reaction not only would remove two chain carriers to slow the rate
but would also serve to regenerate a molecule of the originsl hydrocarbon,
.
which would cause the apparent rate to be less. This would also be in
line with the increase in the yield of olefin in the range of the nega-
tive temperature coefficient. A hytiocarbon radical could also decompose
into an olefin ad atomic hydrogen (eq. 8), which could abstract a hydro-
gen (eq. 9) to account for the hydrogen present in the reaction gases
from the reaction at 375° C. These equations are
+ HO (8)
%2 (9)
The high yield of water is evidence that the initial products snd
subsequent products of the oxidation of methylcyclohexane react at a
faster rate than does the methylcyclohexane. This is entirely plausible
because ring compounds me relatively stable to oxidation, as is the
3 methyl group, and reaction of a molecule of methylcyclohexane will lead
to rupture of the ring to produce straight chain molecules with methylene
grOUPS, which are very susceptible to oxidation. Initial attacks on
. methylcyclohexsne would probably be principally at secondsry carbons
because of their nuniberand because the one tertisz’ycarbon is somewhat
shielded, which can be shown as follows:
H2 Hp Hz
.
H2
% o~qH2Fcee *%2 radical %2
H2
op3H00”
H2
[
RH
H2 H2
%
o
~ ~3
o
%1-
CH3
+ HOO ~—.
% H 0. H2 00H
% %2
1
y3
~ “cH2cH2cH2cH#HcHo
+ R=
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Fran the above scheme it can be seen that attack on methylcyclohexane
leads to products which are more susceptible to oxidation than is the
methylcyclohexane. The acid found in the prcducts could arise from
k
further oxidation of aldehydes. The water would, of course, wise frcm
abstraction of hydrogen by hydroxyl free radicals.
Lewis and Von Elbe (ref. 15) state that the preferred position of
attack is the CH=O group and that the resulting radical RCOO decomposes
into R“ and CO*. This could give rise to the csrbon monoxide. The
carbon dioxide could wise from further oxidation of the carbon monoxide.
The hydrocarbons in the gaseous products probably result from
decomposition of large intermediate hydrocarba free
RCH2CH2l~Ro + C~=CH2
Rice and Rice (ref. 16) state t%at large hydrocarbon
decompose into more stable, smaller free rsdicals.
rsdical.sas
—
free radicals easily
t
Some of the dark-brown, tarry residue obtained in the reactions was
extracted with carbon tetrachloride and carbon disulfide; the material
was only very sl&qht& soluble in these solvents. An infrared spectrum -
was obtained on these extracts but was not revealing except for a slight
peak which probably corresponds to carbonyl groups.
A carbon and hydrogen analysis was also obtained on a sample of
this residue with the following results:
Carbon, percent. . . . . . . . . . . . . . . . . . . . c c l c 64.73 “
Hydrogen, percent. . . . . . . . . . . . . . . . . . . . . l l 6.89
O~gen (by difference), percent . . . . . . . . . . . . . . . . 28.4
These values correspond to atomic ratios of 0.78 and 3.4 for carbon to
hydrogen ad for carbon to oxygen, respectively. The low ratio of carbon “
to hydrogen precludes the possibility that the residue contains much
aromatic material. With the evidence at hand, however, very little can -
be said about the actual nature of this residue. The fact that some of
this residue was obtained at 300° C where no hydrogen peroxide, acid, or
water was detected in the products seems to indicate that at least these
materials probsbly are not involved in its formation. These residues
somewhat resemble gum deposits for which, as yet, no adequate explana-
tion has been formulated (ref. 17) although olefins and organic peroxides
sre recognized as contributing to its formation.
a
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CONCLUSIONS
mom the investigation of the vapor-phase oxidation of methylcyclo-
hexane with fuel-rich mixtures the following conclusions can be drawn:
1. Under the conditions of 0.1 the stoichiometric amount of oxygen
snd a contact time of 8 seconds in a spiral reactor 10.7 inches long
with an inside dismeter of 3/32 inch, methylcyclohexane exhibits a nega-
tive temperature coefficient for its rate of oxidation at just above
310° c.
2. The extent of reaction at 310° C and the products secured are
similar to those obtained in work on cool flsmes.
3. The yield of olefins, based on the amount of methylcyclohexsne
reacted, reaches a maximum in the range of the negative temperature
coefficient.
4. The yield of peroxides decreases on increasing the temperature
i in this range; hydrogen peroxide does not increase so much as the
organic peroxides.
. 5. The yields of other o~genated materials, after a slight increase,
steadily decrease on increasing the temperature.
6. Dark-brown, tsrry residues are obtained at the exit end of the
reactor in these reactions. These deposits do not appear to be caused
by dehydrQgenation (oxidation) of intermediate products but seem to
arise by condensation reactions of aldehydes and ketones.
7. The evidence seems to support the peroqy-radical decomposition
as a factor in the negative-temperature-coefficientrsnge with the
possibility that hydrocarbon-radical disproportionation is also a factor.
University of Cincinnati,
Cincinnati, ohio, July 30, 1956.
.
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TABLE I
PRXLJMINARY OXIDATION OF METHYLCYCLQHEXAN’E
(WITHOUT AMPLITROL)
[Conditions: Fraction of stoichiometry, 0.1;
contact time, 8 seconds]
Run Temperature, ‘C Percent
reaction
1 300 33
2 325 47
3 3W 46
4 375 47
5 400 57
w
.
I .
TABLE II
O~DATIOIiOF METKHLXCLOIDDWNE
(a) Based on amount of’methylcyclohexanereacted
Reaction number . . . . . . . . . . . . . . 6 12 7 8 9 I-1
Conaltions :
l%%ction of stolchkmetry . . . . . . . . 0.1 0.1 0.1 0.1 0.1 0.1
Temperature,‘C. . . . . . . . . . . . . 310 323 323 ;?
2: 8.0 8.0 8.0 .
373
Contacttime, sec . . . . . . . . . . . . 8.0
Analysis:
Metbylcyclohexanereacted, percent . . . 3.9 49 46 47 49 54
%lefin, pmcent. . . . . . . . . . . . 0.17
~.lry;er$~,p~;~ . . . . . . . Nme ‘“f ‘“i: ‘.# 15 1.2
0.18 0.16
. . . . . . . U 35 15
blddehyde (takenas ~0) percent . . . 12
%etone (taken as acetone , percenk . . . !?4
~
6.6
27
19 16 14 9%
%ater, ~rcent . . . . . . . . . . . . . None 3?: 3? 3% 2::
;;;bAcid, percmt . . . . . . . . . . . . . None 178 183 118 73
%&Lea product per mole methylcyclohexanereacted.
bMlllmoles prcduct per mole metbykyclohexane reacted..
.-
-—
TABLE II. - Concluded
OXIDATION OF ME?TEYLCYCKXDXANE
(b) Based on amount of methylcyclohexanepassed through reactor
Reaction number . . . . . . . . . . . . . . 6 12 7 8 9 ~
conditions :
Fraction of stoichicuuetry . . . . . . . . 0.1 0.1 0.1 0.1 0.1 0.1
Temperature, %....... . . . . . . 300 310 325 523 350 375
Contact time, Eec . . . . . . . . . . . . 8.0 8.0 8.0 8.0 8.o 8.0
Analysis:
%lefi~, ~rcent . . . . . . . . . . . .
%Wrogen pamxlde, percent . . . . . . .
0.cQ67 0.044 0.076 0.081 0.081 o.oa8
None 19 12 Il. 7.5 6.3
borgsnic peroxide, percent . . . . . . . 0.42 20 16 19 7.4
;:;bAldehyde (taken as HCH=O), percent . . .
%etone (taken as acetone),percent . . .
0.47 3.2 8.6 7.4 6.7
0.93 7.1 I-2 10 10 9:2
%ater, percent . . . . . . . . . . . . . None 1.7 1.4 1.4 1.4 1.5
a~~d,~rc~t..... . . . . . . . . None 88 84 86 57 39
%4deti product per mole methylcyclohexane passed.
bMillimoles prcduct per mole methylcyclohexane passed.
, t I ,
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TABLE III
OF REACTION
Run 10
Temperature, ‘C . . . .
Carbon dioxide, moles .
Carbon monoxide, moles
Oxygen collected, ml .
Carbon dioxide per mole
reacted, moles . . .
. . . . . . . . . . . . .
. ..*.. . . ...* .
. . . . . . . . ...0 .
l . . . . . . . . . . . .
hydrocarbon
. . . . . . . . . . . . .
Carbon monoxide per mole hydrocarbon
reacted, moles.... . . . . . . . . . . . .
Oxygen passed, ml..... . . . . . . . . . . .
O~gen unreacted, percent . . . . . . . . . . . .
323
0.0076
0.019
ma
0.13
0.34
2908
6.5
TABLE IV
OXYGEN BALANCE
Temperature, °C . . . . . . . . . . . . . . . . .
Volume collected as o~gen, ml . . . . . . . . .
Volume collected as carbon dioxide, ml . . . . .
Volume collected as carbon monoxide, ml . . . . .
Volume collected as acid, ml . . . . . . . . . .
Volume collected as peroxide, ml . . . . . . . .
Volume collected “ascarbonyl, ml . . . . . . . .
Volume collected as water, ml.. . . . . . . . . .
Total volume collected, ml . . . . . . . . . . .
@ygen accounted for, percent . . . . . . . . . .
Run 10
525
188
188
235
209
104
16
1920
2860
98
Run l.1
375
0.0043
0.042
80
0.064
0.61
3260
2.5
Runll
3g
108
52k
24
22
2330
3090
98
20 NACATN 41.18
TABLE V
MASS BALANCE
Run 10 Run 11
Temperature, °C . . . . . . . . . . . . . . . . 325 375
Weight of condensate, g . . . . . . . ... . . . 13.99 14.34
Weight of oxygen in water, g . . . . . . . . . 2.50 3.40
Weight of oxygen in other products, g . . . . . 0.08 0.06
Net weight of carbon and hydrogen in
condensate, g. . . . . . . . . . . . . . , . 13..41 10,88
Weight of carbon and hydrogen in gases, g . . . 0.234 0.62
Total weight of carbon and hydrogen, g . . . . IL.6 11.5
Weight of hydrocarbon passed, g . . . . . . . . 12.2 12.2
Percent accounted for of weight passed .. . . . 95 94
9
, ,
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Figure 2.- Temperature distribution in reaction furnace.
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Figure 4.- Comparison of amount of reaction at vsrious temperatures.
Contact time, 8 seconds; stoichiometry, 0.1.
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Figure 7.- MLIMrnoles H202 and organic peroxide per mole methylcyclo-
hexane passed against temperature. Contact time, 8 seconds;
stoichiometry, 0.1.
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